DNA replication and centrosome duplication have to be strictly synchronized to guarantee genomic stability. p53, pRb, cyclin E, and cyclin A are reported to be involved in the synchronizing process. We investigated the relationship between papillomavirus infection, centrosome aberration and aneuploidy during genesis of cervical carcinoma. The number of centrosomes found in cells from normal cervical epithelium (n ‫؍‬ 5), condyloma acuminata (n ‫؍‬ 5), cervical intraepithelial neoplasia (CIN) I, II, and III (n ‫؍‬ 14) and invasive cervical carcinoma (n ‫؍‬ 5) was analyzed by ␥ tubulin immunofluorescence staining. The nuclear DNA content was investigated by image cytometry and human papillomavirus (HPV) infection was determined by polymerase chain reaction. Normal epithelia and condyloma acuminata showed cells with one or two centrosomes, whereas CIN lesions showed cells with an increasing number of centrosomes. This abnormality was found to be lowest in CIN I lesions, increased with advancing grade of CIN and was highest in lesions of invasive carcinomas. In parallel, an increasing number of cells with aberrant DNA content was seen. All carcinomas and all except one of the CIN III lesions showed aneuploidy. Three CIN II cases were aneuploid and two cases with CIN I were tetraploid. Normal epithelia and condyloma acuminata showed diploidy. All invasive carcinomas and lesions with CIN were positive for high-risk HPV types 16, 18, or 31, except one invasive carcinoma and one CIN II lesion positive for universal primers only. Three condyloma acuminata were HPV 16-positive and one HPV 6-positive.
It has been shown in 1996 by Fukasawa et al. (1) that in mouse cells lacking the p53 tumor suppressor protein numeric centrosome aberration occurs during the cell cycle. Loss of p53 may cause genetic instability in the cells by unequal segregation of chromosomes during mitosis due to centrosome overproduction (1) . Genetic instability is frequently occurring in malignant tumors and is often characterized by an abnormal number of chromosomes and aneuploidy (2) (3) (4) (5) .
The centrosomes are the main microtubule organizing centers in animal cells. The demonstration of the highly organized centrosomes and the characterization of their functions together with studies implicating centrosomes in tumorigenesis has brought this earlier not well-known organelle into focus (6) . Recently, Cdk2-cyclin E was identified in Xenopus egg extracts by two independent groups as a trigger that helps the dividing cell to copy its centrosome (7, 8) . Cdk2, when activated by cyclin E has been shown to help to drive the somatic cells through the division cycle, from G1 to S phase (9) , which is the time during the cell cycle when centrosome duplication starts. The centrosome duplicates only once during each cell cycle and duplication is completed in G2 (10) . Recently it has been shown by Matsumoto et al. (11) that Cdk2 is required for centrosome duplication in mammalian cells and by Meraldi and coworkers (12) that centrosomal replication in mammalian somatic cells is strictly dependent on phosphorylation of the retinoblastoma (Rb) protein and requires the activation of E2F transcription factors, as well as Cdk2 and cyclin A activity. The E7 proteins of high-risk human papillomavirus (HPV) types, e.g., 16 and 18, have been demonstrated to form a complex with the pRb and to interfere with the binding of pRb to E2F transcription factors (13, 14) . "The balance in the genome is maintained through the centrosomal machinery" according to Robert Palazzo (15) , and if a centrosome replicates too often or fails to replicate, the daughter cells can get abnormal chromosomal compositions, which can predispose the cells to cancer. Recently, researchers have found that cancer cells, have abnormal numbers of centrosomes (16) .
The purpose of the present study was to investigate the relationship between HPV infection, centrosome aberration and aneuploidy during genesis of cervical carcinoma. The results show that increasing grades of cervical intraepithelial neoplasia (CIN) are paralleled by increasing numbers of centrosomes in a subset of epithelial cells as well as aneuploidy. We suggest that high-risk HPV infection, correlated to a progressive numerical disturbance of centrosome replication, followed by centrosomal aberration and aneuploidy is crucial for the origin of a majority of cervical carcinomas.
MATERIALS AND METHODS

Preparation of Imprints from Fresh Tissues for Immunofluorescence Staining and Feulgen Staining for Ploidy Analyses
Imprints were prepared from surgical resection specimens of normal epithelial tissue, condyloma acuminata lesions, CIN I, II, and III lesions, and invasive carcinomas from uterine cervix. Informed consent was obtained from each patient. The fresh tissue specimens were kept on dry ice until the imprints were made on slides. The imprints for immunostaining were then stored in methanol at Ϫ20°C. The imprints for ploidy analyses by image cytometry first were air-dried and then fixed overnight in 4% buffered formaldehyde before staining, which procedure, internal standardization and tumor cell selection were based on methods described earlier (17) . All DNA values were expressed in relation to the corresponding staining controls, which were given the value 2 c, denoting the normal diploid DNA content. All DNA values were presented in such relative units.
After the preparation of imprints the biopsies were fixed in 4% buffered formaldehyde, paraffinembedded and stained for histopathologic evaluation. Each histopathologic diagnosis was based on the judgment of two pathologists blinded to laboratory results.
Antibodies
As ␥ tubulin is a major component of centrosome matrix, monoclonal mouse antibodies to ␥ tubulin (Sigma, St. Louis, MO) diluted 1:500 (PBS with 2% normal goat serum) and as secondary antibodies FITC-conjugated anti-mouse Ig-G from goat (Sigma) diluted 1:128 in (PBS with 2% normal goat serum) were used. DNA was visualized by staining with DAPI (4',6-diamino-2-phenylindole, Sigma).
Immunofluorescence Staining for ␥ Tubulin
The imprints were fixed in methanol for shortest time 10 min at Ϫ20°C and then in acetone for 6 min at Ϫ20°C, washed with PBS pH 7.2 twice for 5 min each, blocked with 1% normal goat serum in PBS with 0.1% Tween 20, washed again with PBS three times for 5 min each and then incubated with the monoclonal antibodies for 2 hours at 37°C. After incubation with secondary antibodies for 1 hour at room temperature in dark, the specimens were washed with PBS three times for 5 min, incubated with DAPI solution for 5 min at room temperature, washed with PBS again for 5 min, mounted with one drop mounting medium (Vectashield, Vector Laboratories, Burlingame, California) and covered with a coverslip. The immunofluorescence staining was evaluated with a fluorescence microscope, Zeiss Axioskop and the number of centrosomes (ϭ␥ tubulin stained spots) were counted in 100 cells of each specimen.
Extraction of DNA for Polymerase Chain Reaction (PCR)
The fresh tissue samples were cut into small pieces. Then 500 L of lysisbuffer (10 mM Tris HCL pH 7.6, 1 mM EDTA pH 8.0, 1% sodium dodecyl sulfate, 50 mM NaCl) and 400 to 600 g proteinase K/mL buffer were added to every sample in an Eppendorf tube and were incubated overnight at 50°C. After that 500 L phenol:chloroform:isoamylalcohol (25:24:1) were added and shaken carefully on a shaker for 10 min before centrifugation at 13,000 rpm for 15 min in an Eppendorf centrifuge. The water phase was taken and the former steps were repeated once. Then chloroform:isoamylalcohol (24:1) were added 1:1 and shaken carefully for 5 min, centrifugated 13,000 rpm for 5 min and this was repeated once. The water phase was moved to a new tube; two volumes (about 1 mL) ice-cold 95% ethanol and 3 M NaAc pH 5.2 to a final concentration of 0.3 M were added and the tubes were stored overnight at Ϫ20°C to precipitate the DNA. Finally they were centrifuged at 13,000 rpm for 30 min before ice-cold 70% ethanol was added up to 1 mL and centrifuged again for 15 min at the same rate to take the phenol away, After the DNA pellet was dried under vacuum, the DNA was dissolved in 20 to 30 L sterile distilled water and stored at Ϫ20°C until PCR analyses was performed.
PCR Analyses for HPV
For universal detection of HPV two sets of universal or consensus primer pairs from the highly conserved L1 region were used, one degenerated pair, My 11 and My 09, of Manos and coworkers (18), PCR procedures described in detail (19) and one nondegenerated pair, GP5ϩ and GP6ϩ of Husman et al. (20) , PCR procedures described in detail (5). Type-specific HPV primers for HPV 6, 16, 18, 31, and 33 from E5-E6-E7 gene regions were used according a procedure described earlier (21) . For analysis of the PCR product, 15 L of the amplified product was run on a 3% agarose gel and stained with ethidium bromide (0.5 g/mL). As a control of DNA extraction, a set of HLA DQ primers i.e., GH26/27 (22) was used. Table 1 summarizes the results of HPV detection, numbers of centrosomes and DNA ploidy measurements in fresh tissue specimens from uterine cervix with the histopathologic diagnoses of normal cervical epithelium, condyloma, CIN I, CIN II, CIN III, and cervical carcinoma.
RESULTS
PCR Analyses for HPV
All cervical carcinomas and lesions with CIN were HPV-positive, infected with high-risk types HPV 16, 18, or 31. Two of the cases, one adenosquamous cancer and one lesion with CIN II, were positive for the universal GP primers, but none of the type specific primers used. Three of the condylomas were HPV 16-infected. One of the condyloma acuminata lesions, a vulvar condyloma, was HPV 6-positive, and one was unexpectedly negative with both sets of the universal primers. One of the normal cases was HPV 16-positive.
␥ Tubulin Detection
All the invasive carcinomas (n ϭ 5) and CIN III (n ϭ 5) and most of the CIN II (n ϭ 5) lesions had abnormal numbers of centrosomes. This abnormality was found to be highest in invasive carcinomas (present in up to 11% of the cells) and decreased with decreasing grade of CIN (Fig. 1) . One of the lesions with CIN II had no centrosomal aberration, and was hard to diagnose, it was judged as metaplasia or CIN II by different pathologists at different occasions. Only one of the lesions with CIN I (n ϭ 4) showed centrosomal aberrations (in 1% of the cells). None of the condylomas (n ϭ 5) or normal cases (n ϭ 5) had centrosomal aberrations.
DNA Ploidy Measurements
The DNA content histograms were evaluated by subdividing the profiles subjectively into three main categories: 1) Diploid (profiles with a main peak in the normal diploid region). 2) Tetraploid (profiles with a main peak in the tetraploid region). 3) Aneuploid (profiles with one or more peaks outside the diploid or tetraploid regions). All of the carcinomas and all except one of the lesions with CIN III showed aneuploidy (Fig. 2) . This lesion showed a tetraploid DNA pattern and unfortunately HPV analysis was not able to perform in this case. Two of the cases with CIN II showed diploidy and two cases with CIN I showed a tetraploid DNA pattern. All the condylomas and normal cases were diploid. Age of the individual cases is reported in Table 1 . 
DISCUSSION
Our results show that cells in normal epithelia and condyloma from the uterine cervix contain only one or two centrosomes whereas lesions with advancing grades of CIN exhibit increasing numbers of cells with more than two centrosomes. The highest percentage of cells with more than two centrosomes was observed in invasive cervical cancer. In parallel with increasing numbers of centrosomes an increasing number of cells with aneuploidy was seen. The present data indicate the connection between the severity of the lesions, centrosome aberration and aneuploidy. Thus progression from CIN I to CIN II, CIN III, and invasive carcinoma seems to be related to increasing numbers of cells with abnormal centrosome replication and increasing aberration of the normal diploid DNA pattern. Pihan et al. found 1998 in different types of malignant tumors and cell lines that the centrosomes were atypical in shape and size and increased in number and they suggested that these conditions may contribute to genetic instability (16) (23) suggested that the centrosome, "a pair of centrioles surrounded by a differentiated cytoplasm," might be a key to cancer. This cytoplasm or pericentriolar material has been shown by advanced immunofluorescence imaging to consist of a variety of specific centrosome proteins e.g., pericentrin organized into a highly ordered lattice structure and ␥ tubulin, a protein component of the centrosome essential for microtubule polymerization, co-localized with pericentrin to this lattice (24 -26) . By means of electron microscopy the centrosome lattice structures have also been demonstrated in different organisms (27) (28) (29) .
In 1991 Levine et al. reported that formation of tetraploid intermediates is associated with the development of cells with more than four centrioles in the development of pancreatic cancer in transgenic mice expressing the simian virus 40 tumor antigen (30) , which is one of the viral oncoproteins known to interact with p53 (31) . Furthermore, Levine et al. observed that in ulcerative colitis with dysplasia or cancer genomic instability and clonal evolution of aneuploid cells were associated with malignancy progression (32) . Today it is generally accepted that most solid cancers are genetically unstable (3, 33) . One of the causal factors of genetic instability has been shown to be the tumor suppressor protein, p53, whose function in cells and tissues can be reduced or abolished by e.g., loss and mutations of the p53 gene, which is common in many human cancers, e.g., colon, lung, breast and liver cancers (34) , or by interaction with viral oncoproteins such as Simian virus 40 tumor antigen, adenovirus E1b and HPV E6 protein (31, 35) . In cervical carcinomas low frequencies of p53 mutations have been reported and several studies have suggested p53 complexing with E6 protein of high-risk HPV types such as 16 and 18 and others as a causative agent of at least 90% of cancers of the uterine cervix (36 -38) . Beside the well known function of p53 in growth regulation after DNA damage it also has been demonstrated to regulate normal centrosome duplication (1, 39) .
These previous observations are in accordance with our findings. It is suggested that the E6 protein of the high-risk HPV types, effectively inactivates p53 and that the E7 protein inactivates pRb, resulting in release of E2F transcription factors. This may lead to a disturbance of the synchronous start of DNA replication and centrosome duplication followed by progressive chromosomal aberrations in the CIN lesions and invasive cancers. There was just one of four CIN I lesions, all of them HPV 16-infected, which had a centrosome aberration. This case showed a disturbance in the DNA pattern too, from diploid to tetraploid and even to an octaploid pattern. This point at the fact that it will take time for the virus to affect the centrosome replication and that the virus-associated morphologic changes could be detected before the DNA pattern have been disturbed. Three of five cases with condyloma acuminata were unexpectedly HPV 16-positive, and only one of them was, as expected, HPV 6-positive. This case was diagnosed as a vulvar condyloma. The other cases were suggested to be flat condylomas from the uterine cervix, invisible to the human eye, usually detected by the acetic acid test and generally HPV 16-or 18-positive. These condylomas may progress to malignant lesions, e.g., if the immune defense is decreased and the infection time is long enough.
We suggest that the high genomic stability that is characteristic of normal cervical epithelia and also lesions of condyloma is well correlated to normal centrosome replication, whereas the increasing genomic instability in CIN lesions and invasive carcinomas with high-risk HPV infection is correlated to disturbed centrosome replication, impaired chromosome segregation, and aneuploidy.
